Abstract Modern vacuum-plasma surface modification technologies of tools for metal and wood machining are based inter alia on the deposition of thin gradient and multilayer protection coatings with a thickness of several micrometers. Exploitation of tools are frequently carried out in complex tribological nodes, where next to mechanical loads, there are significant changes in temperature at the interface of the tool/workpiece material; hence, the knowledge of the thermomechanical stability of the coatings operating under these conditions is an important criterion used in the processes of designing of wear-resistant coating technology. In this paper, the objects of research were three types of gradient PVD coating/molybdenum substrate systems, for which time courses of amplitudes of elongation and equivalent thermal expansion coefficients of the systems were measured. Experimental measurements were made using a temperature-modulated dilatometry using concepts of dynamic load thermomechanical analysis. It was demonstrated that the developed method allows a quantitative determination of the influence of the gradient layer type on the total elongation of the substrate of the system. It was also shown that the changes of thermomechanical properties of the systems during annealing process are correlated with the time evolution of the equivalent thermal expansion coefficient. In addition, using the concepts of transition function describing the continuous change of physical and chemical parameters as a function of the spatial variables and finite element method for each of the systems, the distributions of internal thermal stresses were determined.
Introduction
Currently observed intensive development of physical vapor deposition (PVD) coatings that are deposited on the working surfaces of the parts of machines and cutting tools is due to the increasing performance requirements. Very important element in the selection of the process technological parameters of the anti-wear coatings designed [1] [2] [3] [4] [5] [6] is the anticipatory knowledge of the thermal stability of coatings. As a result of complex thermomechanical loads that follow from the use process of machine and tool parts, in the protective coatings, there occurs a thermal activation of a number of micro-and macro-scopic processes. These include above all relaxations of stresses, a diffusion process that cause, among others, a growth of the coating material grains, as well as a chemical and mechanical degradation of the coating structures [7] [8] [9] [10] [11] [12] .
From among anti-wear coatings, the so-called gradient coatings deserve particular attention. They are found in the group of functionally graded materials (FGM), which are characterized by continuous changes of the physico-chemical parameters in the function of spatial variables. The use of gradient coatings makes a reduction possible of stresses on layer/substrate boundaries and between the layers of a multi-layered coating. This leads to an improvement of the mechanical properties of coatings, including an increased adhesion of the coating to the substrate as well as an increase in cohesive forces in the individual layers of the coating. A mathematical description of FGM is based on the so-called transition functions that describe a constant change of material parameters such as the Young modulus, the Poisson's ratio, the thermal expansion coefficient or density in the function of spatial variables [13] [14] [15] [16] [17] . For the purpose of computer designing and testing of the properties of coatings, simulation packages are used. They are based on the finite element method (FEM), and they make it possible to determine the state of internal stresses and strains in substrate/coating systems, which occur as a result of external thermomechanical loads [18] [19] [20] [21] [22] [23] [24] [25] . This offers a possibility to conduct virtual in-service tests that support the selection of the optimal physico-chemical parameters and the geometry of anti-wear coatings [26] [27] [28] . Nevertheless, laboratory diagnostic methods of substrate/gradient coating systems need to be developed, ones which are used for an identification of tests of thermally activated macro-and microscopic processes. One of such methods may be the method presented herein; it is based on dilatometry with temperature modulation [1] [2] [3] [4] . In the method developed, during isothermic annealation or in the linear temperature change of the substrate-PVD coating system, thermal effects on the coating are represented, ones which occur in the real operational conditions. From the metrological perspective, the method developed is based on dynamic load thermomechanical analysis (DL TMA) principles while accepting that subjected to measurements of sample in the form of a physical substrate/PVD coating model corresponds to the sample of a material with viscoelastic properties. The possibilities of using the DL TMA for investigating thermomechanical properties of such systems are also described in [29] [30] [31] [32] . The feature that makes the method developed distinct is that monitoring of internal stress changes in the coating is based on measurements of temperature and linear shifts of the substrate during annealing by developed curve.
Experimental
Three types of substrate/CrN/CrCN gradient coating systems were selected for the purpose of diagnostic tests, with a total coating thickness of 8.2 lm. The coatings were deposited on a substrate of molybdenum, which was mechanically polished to the roughness of ca. Ra *0.05 lm. The substrates were made in the shape of a cylinder with the diameter of 3 mm and the length of 30 mm. The first of a two-layered CrN/CrCN coating was analyzed with no transitional layer between chromium nitride and chromium carbon nitride (Fig. 1, type 1) .
The deposition process of the CrN layer was conducted with the substrate polarization voltage of 70 V and with the arc current of 80 A in a nitride atmosphere under the pressure of 1.8 Pa. In order to obtain the CrCN layer, acetylene was introduced into the chamber (10 sccm) [33, 34] . This made it possible to obtain a discrete percentage change of the carbon content in the layer.
The second and third coating tested (Fig. 1 , type 2 and type 3) were two-layered CrN/CrCN gradient coatings with a transition layer between chromium nitride and chromium carbon nitride (CrN-CrCN). The CrN coating was deposited with the same technological parameters as in the case of the first coating. In order to obtain a transition layer between the CrN and CrCN layers, the flow rate was altered by 2 sccm every 2 min in five stages. This resulted in a change to the carbon concentration in the transition layer from 0 to 10 at.% [33, 34] . In this manner, a monotonic change was obtained of the physico-chemical parameters between the CrN/CrCN layers ( Fig. 1 ). The experimental tests were conducted with the use of a compensation dilatometer constructed by the authors, in the conditions of temperature modulation and phase-sensitive registration of thermal and dilatometric responses. The technical details of the method and the conditions of the measurement of the temperature and linear displacement of the systems under examination were described in detail in the studies [1] [2] [3] [4] . For the purpose of a research on the impact of long-lasting thermal and mechanical loads on the stability of the systems (substrate Mo/CrN/CrCN coating) designed a specific test curve (diagnostic curve) (Fig. 2) .
It was assumed that in the phases A, C and E of the curve (Fig. 2) , the temperature will change linearly at a rate of q = 5°C min -1 . In phases B and D, respectively, at 200 and 290°C, isothermal annealing was adopted, where additionally a sinusoidal modulation of the temperature with amplitude A Ts = 10°C and period p = 7 min was used. Modulation parameters were subjected to experimental optimization. In optimization of modulation parameters, factors connected with construction of the measuring apparatus and physical properties of the structural elements of the system (substrate/coating), including heat conductivity and heat capacity, were taken into account.
The results of measurements of the amplitudes of the cyclical temperature changes of the tested system \A T [ and extensions \A L [, carried out in accordance with the phase B of curve, were used in the determination of the equivalent thermal expansion coefficient of the system according to the following formula:
where L oT is the initial length of the substrate of the system in measurement temperature T, \A T [ is the average amplitude of the cyclic changes to the substrate temperature and \A L [ is the average amplitude of the changes to the substrate displacements [1] [2] [3] [4] . By making measurements of the values of the indices for the substrate without the coating-deposited a AC s and for the substrate with a coating-deposited a AC l , one can determine the relative increment of the a AC ratio. This constitutes a quantitative measure of the thermomechanical load of the substrate in the temperature of the measurement (200°C):
On the other hand, the measurements carried out according to the D phase curve (Fig. 2) were used to record the value of the amplitude of dilatometric response of the system \A L [ and its changes in the function of time. The time of isothermal annealing in the temperature of 290°C was 1500 min. During annealing, the samples were in the atmosphere of laminarily flowing argon.
Computer model
For the systems analyzed for the substrate/gradient coating ( Fig. 1) , a mathematical and computer model was created to describe the state of internal thermal stresses and strains after the PVD deposition processes. The diagram of the systems modeled including a discretization mesh is presented in Fig. 3 . For the type 1 system (without a gradient layer between CrN and CrCN), the thicknesses of the CrN and CrCN layers are 4 lm each, and the thickness of the Cr layer is 0.2 lm. The cylindrical core of the molybdenum substrate accepted for the calculations possesses the height of 250 lm and the radius of 150 lm. For the systems types 2 and 3 (with a gradient layer between CrN and CrCN), the thicknesses of the CrN and CrCN layers are 3.5 lm each, the thickness of the gradient layer is 1 lm and the thickness of the Cr layer is 0.2 lm. The core is identical as in the case of the type 1 system. The physical and mathematical model that makes it possible to determine the internal thermal stresses was developed based on the [18] [19] [20] [21] [22] [23] [24] and classical theory of elastic-plastic materials [25] . The details of the design of the computer model used based on an FEM analysis are contained in the studies [13, 26] and in the documentation of the Comsol package, with the aid of which the calculations were made. The material constants that were used in the simulation are found in Table 1 .
For the mathematical description of the gradient layer between CrN and CrCN, the following transition functions were used: the step function (type 1 system), the parabolic function (type 2 system) and the root function (type 3 system). The details of the mathematical structure of these functions for the description of physico-chemical parameters (e.g., the Young's modulus) are included in the studies [13] [14] [15] [16] [17] . The purpose of the simulations is to determine the state of thermal stresses for the systems after the PVD process.
Results and discussion
With the use of the computer model developed, for the systems under examination, the distributions of von Mises thermal stresses were determined (Figs. 4a, 5a, 6a); furthermore, the distributions of stresses along the axis of the sample were determined (Figs. 4b, 5b, 6b) . In all distributions of stresses, the units are Pa. Considering the dimensional disproportions of the core in relation to the coating, the distributions of stresses (Figs. 4-6 ) present a fragment of the base of the sample, whereas the deformation of the coating including the core was magnified 20 times to increase the legibility. The calculation results illustrated in Figs. 4-6 show role of the coating in the development of stresses in the substrate. First of all, based on the calculated stress distribution as expected showing that the stresses within the layers of CrN and CrCN coatings are negative (compressive), and Cr, and the substrate inside the positive (tensile) (Figs. 4b, 5b, 6b) . This is connected with various values of the thermal expansion coefficients of the substrate and the coating layers. Stress distributions for the type 1 system with a step change in the concentration of carbon in the coating (Fig. 4) are characterized by a characteristic breaking of the isoline stress on the boundary layers of CrN and CrCN coatings, due to discontinuity of the first type of the transition function. From the physical point of view, this is a CrCN. In addition, the absence of the transition layer (type 1 system) or in the case of its presence (system 2 and 3), type of shape changes in the carbon concentration results in different thermal state of internal stress mapped to different shape of the isoline stress and their mutual arrangement. The differences between the maximum and minimum stress for all tested systems had almost the same values. Listing results of the simulation document the important role of PVD coatings in the test case of the CrN coating/ CrCN coatings, in the development of stress in the substrate. The following experimental results conducted by means of the method developed show that the magnitude variation in the stress is so large that as a result of selected thermomechanical loads, there is a measurable difference in the measured values of elongation of the substrate. Figure 7 presents an example collection of the measurements of changes to the amplitudes of elongations under the influence of sinusoidal temperature variations for two samples: a Mo substrate with a CrN/CrCN gradient coating (type 2 system) and a Mo substrate without any coating deposited. The results presented illustrate the influence of the type of the coating deposited on the thermomechanical load of the substrate and on the thermal stability of the The results document the existence of the effect of a particular shape changes in the concentration of carbon in the boundary layer CrCN coatings on the reaction system (substrate/coating) on thermomechanical interaction between the substrate and the coating deposited as a function of annealing time at 290°C. The results explicitly document the existence of a substantial influence of the type of the structure used for the gradient coating on the conditions of thermomechanical interactions between the substrate and the coating deposited in the function of the time of annealation in the temperature of 290°C. It is evident from an analysis of the courses of the curves and mutual positions that considering the adhesion quality of the coating to the substrate, the system with the type 2 coating is the most advantageous system in the measurement conditions applied. There also occurs a quantitative correlation between the courses of change of equivalent thermal expansion coefficients Da AC registered in the annealation time and type of the system (Fig. 10) .
Based on Fig. 10 , one can explicitly state that an increase in the value of a change to a AC leads to an increased difference between the elongation of the Mo substrate itself in relation to the substrate of the system with a deposited coating.
Conclusions
1. It was demonstrated that the method developed for the diagnostics of substrate/gradient coating systems based on DL TMA allows a quantitative determination of the influence of the gradient layer form on the total elongation of the substrate of the system. Hence, an assessment of change of the state of thermal stresses in the whole system is possible. 2. The diagnostic method proposed also facilitates an assessment of a change to the thermomechanical properties of the gradient coatings deposited by an examination of the change to the value of the a AC index in the function of temperature. Those systems where the value of this index does not significantly change as a result of annealation processes are characterized by a high thermal stability, and they exhibit a high adhesion of the coating to the substrate. 
